One of the most important parameters to be considered in the design process of lifting surfaces for marine applications is the acoustic noise emitted by the designed surface. In the present work, the hydroacoustic fields of NACA0012 and NACA0018 hydrofoils are calculated, and the acoustic behavior of these sections is examined and compared at different angles of attack. The Ansys-CFX Navier-Stokes solver is used for hydrodynamic analysis, and a highly accurate multithread program named ACOPY is developed in Python programming language based on the Ffowcs Williams and Hawkings method for acoustic analysis. The developed code has high capability in parallel programming. Results of hydrodynamic and acoustic analyses have been validated against available data. A parametric study is conducted, and the best integration surface for FW-H method is introduced. The acoustic behavior of the sections is calculated in an extensive parametric study for different angles of attack of the hydrofoils. The operational acoustic fields of the foils have been calculated and compared. The results indicate that NACA0012 hydrofoil is a better choice and, more effective, when the acoustic behavior of the hydrofoil is a significant design criterion.
Introduction
The prediction and calculation of the noise generated from airfoils have been an extensive aero-acoustic research topic in the last half century, both experimentally and numerically. The numerous efforts in this area have been mostly motivated by the desire to understand the nature and the origins of airfoil noise and to find effective applicable methods to minimize it.
However, although lifting surfaces are widely used in marine applications and despite the importance of acoustic noise in marine environments, the noise generation of hydrofoils has been barely considered in acoustic publications. The primordial motivation of the present work is to numerically predict and compare the acoustic behavior of two foil sections, that is, NACA0012 and NACA0018, in marine environment.
Generally, there are two principal ways to numerically calculate sound propagation in a fluid: solving the Navier-Stokes equations and solving the wave equation. Therefore, the literature is bounded by these two categories.
In the first method, the Navier-Stokes equations are solved for the entire domain in which the observer and the source are included. This method is numerically very expensive for large domains, but all nonlinear phenomena are considered and can be captured [1] [2] [3] [4] [5] [6] [7] [8] [9] . Shen et al. [7] in 2004 solved the Navier-Stokes equations for a circular cylinder and NACA0015 airfoil in air using the collocated grid finite volume method. These analyses were carried out at a Reynolds number of 200 and a Mach number of 0.2. Also, Marsden et al. [8] used the LES method for calculating the noise radiation of NACA0012 in turbulent flow in 2008. These analyses have been done in air at a Reynolds number of 5 × 10 5 and a Mach number of 0.22. Meanwhile in 2009, Sandberg et al. [9] solved Navier-Stokes equations for simulating the total noise generated by the laminar flow on an airfoil. In the work, a symmetric NACA air foil with different thicknesses and various angles of attack at Re = 5 × 10 4 and M = 0.4 have been investigated.
In the second method, there are several approaches for solving wave equation such as the Lighthill analogy [10] , the Ffowcs Williams and Hawkings (FW-H) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , and the Kirchhoff equations [19] [20] [21] [22] [23] [24] .
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Lighthill [10] started the computational acoustic in 1952 and derived the acoustic equation from the momentum and continuity equations. He showed that the equations of arbitrary fluid motion can be rewritten by grouping the nonlinear terms into a source term which is the so-called Lighthill stress tensor [22] . Lighthill's theory was further developed by Ffowcs Williams and Hawkings [11] in 1969 and Farassat and Brenter [14, 16] in the 1980s. This approach solves inhomogeneous wave equation.
Kirchhoff 's theory was presented in 1882. This theory was originally applied to light diffraction and electromagnetic problems. It was Farassat and Myers who presented Kirchhoff 's theory for sound propagation in 1988 [23] . In fact, this theory solves the homogeneous wave equation. In 1990, Atassi [24] used the Kirchhoff theory for predicting the noise radiated from Joukowski airfoil in compressible flow. In this research, effects of thickness, angle of attack, and nonuniform flow at several Mach numbers have been investigated, and the results have been compared with direct numerical solutions. The results show that the Kirchhoff theory has low accuracy compared to direct simulation. Also in 2000, Singer et al. [19] analyzed the scattering noise from circular cylinder and trailing edge of airfoil using the FW-H and Kirchhoff methods. In this analysis, firstly, it has been shown that the Kirchhoff theory is not a confident method for circular cylinders. Then, the noise radiated from trailing edge of an airfoil in 3 Mach numbers (0.2, 0.3, and 0.4) and Strouhal number equal to 0.12 have been investigated using the FW-H method.
The FW-H method allows nonlinearities on the control surface, whereas the Kirchhoff method assumes a solution of the linear wave equation on the surface. If the linear wave equation is not satisfied on the control surface, the results from the Kirchhoff method change dramatically [20] .
As indicated earlier, publications in the field of sound radiation from NACA profiles have been mostly conducted for air environment and at low Reynolds numbers. In the present work, the FW-H method is used for investigating the noise generation and propagation for two NACA profiles with different thicknesses and angles of attack in water at a high Reynolds number.
Numerical Solution
For any hydroacoustic analysis, the pressure distribution around the source should be firstly computed using a hydrodynamic analysis. Then, by using the FW-H method, the calculated acoustic pressure can be estimated at far field. The theories behind the two-step procedure are explained in this part.
Hydrodynamic Analysis.
The most important step for any hydroacoustic analysis is the calculation of the pressure and velocity field around the body. There are various methods for these calculations such as solving potential theory and the Navier-Stokes equations. When the Navier-Stokes equations are solved, all nonlinearities in the viscous fluid are considered and high accuracy can be reached. Therefore, in hydrodynamic investigations, solving the Navier-Stokes equations leads to better results.
To use the Navier-Stokes equations, three equations should be solved: Continuity (1), Momentum (2) and Energy (3):
In the previous equations, Δ is the Laplacian operator, is the internal energy per unit mass, ] is the kinematic viscosity, is the thermal conductivity coefficient, is the temperature, and is the rate of dissipation of mechanical energy per unit mass which is defined as
These equations can be solved by different numerical methods such as finite difference, finite element, and finite volume methods. Among these numerical methods, finite volume is one of the best methods for complex flows and geometries. Therefore, the Ansys-CFX solver is selected for the hydrodynamic calculations of the foils. This solver implements various turbulence models and has the capability of using structured and unstructured grid.
Once the flow field around the foil is calculated using this flow solver, an acoustic method should be implemented to calculate the far field noise based on the hydrodynamic results. The hydroacoustic method used in this work is explained in next section. [11] equation is the most general form of the Lighthill acoustic analogy. This equation is derived directly from the equations of conservation of mass and momentum. Following Brentner and Farassat [16] , the FW-H equation may be written in differential form as [19] 
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where ⊡ 2 ≡ (1/ 2 )( 2 / 2 ) − ∇ 2 is the wave operator, is the speed of sound, is the observer time, is the disturbance density, 0 is the secondary density, is the domain surrounding the foil section (where = 0 is the definition of the integration surface), ( ) is the Dirac delta ISRN Mechanical Engineering 3 function, and ( ) is the Heaviside function. Variables and are defined by the following:
Here, is the total density, the fluid momentum, V is the velocity of the integration surface, and̂is the unit normal on the integration surface. Also, = , where is the perturbation pressure and is the Kronecker delta. The subscript indicates the component of velocity in the normal direction. Certainly, the previous equations are simpler in water than in air. In water and at low Mach numbers, = 0 and = V , thus,
The integral solution of the FW-H equation (5) can be written in terms of the acoustic pressure, = 2 , as follows:
The dot sign indicates time derivative and = , where is the vector of Mach number. Also, is the distance from the source point to the observer. ( , ) is the quadrupole term which is neglected in this research because of its insignificance at low Mach numbers, but methods of calculation for this term are available in reference [15] .
The previous integrations are solved numerically on a surface around the solid body named integration surface. The choice of the integration surface affects highly the acoustic results. That is why an investigation is needed to find the best integration surface for each body.
In this research, the FW-H method has been implemented using the multithreading capabilities of Python programming language. The prepared program, named ACOPY (ACO for Acoustics and PY for Python) calculates the acoustic pressure and sound pressure level accurately and quickly by parallel processing.
There is a high volume of data in hydroacoustic problems, and using a single processor leads to long and frustrating calculations. Therefore, ACOPY has been written in Python which has high capability in parallel programming. Generally, the hardware, the algorithm, and the code should be fitted for parallelization.
Parallel algorithms are categorized as four types: single instruction multiple data (SIMD), single instruction single data (SISD), multiple instruction single data (MISD), and multiple instruction multiple data (MIMD). The developed code ACOPY uses SIMD algorithm which is fully stable.
There are various modules in Python for parallel processing. PP is one of the best modules which can be run on Windows and Linux. Also, PP module can be run on symmetric multiprocessing computers (SMP) and cluster systems. Meanwhile, converting a code from serial to parallel processing in Python does not need fundamental changes in the code.
To accomplish the computational tasks outlined in Sections 2.1 and 2.2 for the current problem, the setup of the calculations is explained in the next section.
Problem Setup
In this part, the hydroacoustic analysis of two hydrofoils is carried out by the FW-H method at high Reynolds number and low Mach number for seven different angles of attack. For solving the FW-H equations, the pressures and velocities on an integration surface should be obtained by solving the Navier-Stokes equations. Therefore, the analysis is divided into two main steps.
Problem Setup: Hydrodynamics.
In the first step, the hydrodynamics of the hydrofoils are analyzed using the powerful Navier-Stokes solver in Ansys-CFX. NACA symmetric profile (9) is used for modeling the hydrofoils:
where is the thickness, is the chord length, and ( , ) is the Cartesian coordinates. In this research, NACA0012 and NACA0018 (shown in Figures 1 and 2 ) with = 0.1 m have been used.
All the characteristics of the domain and the boundary conditions are shown in Figure 3 . The upper and lower bounds of the domain are set as free slip wall, while the right and left parts of the domain are set as a symmetry condition. For the inlet boundary, normal speed has been used.
The Reynolds number considered for these hydrofoils is 5 × 10 6 , while ] = 1.004 × 10 −6 in water. Also, the Mach number is 0.0334. The setup of the hydrodynamic analysis is illustrated in Table 1 .
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Problem Setup: Hydroacoustics.
After obtaining the pressure distribution around the hydrofoil, the FW-H equations should be solved.
Since the choice of the integration surface may affect the acoustic solutions, in order to have a good estimation of the sound pressure level (SPL) in the far field, the best integration surface around the hydrofoils must be selected. Therefore, five surfaces with different distances from the hydrofoil are analyzed, and by comparing the results with the pressure estimation from the hydrodynamic analysis, one is chosen to be used in all hydroacoustic analyses. Table 2 shows these five cases, and Figure 4 illustrates the five integration surfaces. In Table 2 , is the distance from the hydrofoil, and is the chord length.
Besides the calculation of the noise itself, it is always important to identify the direction of the noise propagation. Therefore, after the selection of the best integration surface, the acoustic pressure is calculated for both hydrofoils at seven angles of attack for an array of observers placed on a circle with a radius of 80C, in order to better identify the directivity of the hydrofoil noise. Summary of these analyses is presented in Table 3 .
Also, it is important to predict the noise propagation behavior as the observer gets far from the source. Thus, the SPL of the noise is calculated for observers placed in 8 directions at distances 50 meters to 2500 meters from the hydrofoil. Summary of these analyses is listed in Table 4 , and a schematic view of the directions is demonstrated in Figure 5 .
In this research, a total of 14 hydrodynamic analyses and 12440 hydroacoustic analyses have been carried out, and the results are shown and discussed in the next section.
Results and Discussion
In this section, the results of the mentioned analyses in Tables 3 and 4 are presented in two parts: hydrodynamics and hydroacoustics. Firstly, to ensure the accuracy of the analysis, the hydrodynamic analysis should be validated.
Results: Validation of Hydrodynamic Analysis.
The hydrodynamic analyses of hydrofoils have been conducted for angles of attack from 0 degree to 12 degrees with a step of 2 degrees. In order to validate the hydrodynamic analysis, the obtained lift coefficients are compared with the available experimental data [25] . Figures 6 and 7 display the comparison of lift coefficients of NACA0012 and NACA0018 hydrofoils with the experimental data. As evidenced in Figures 6 and 7 , the numerical results are in high accordance with the experimental data. The mean deviation from the experimental data is approximately 3.6% for NACA0018 and 0.95% for NACA0012 which are very reasonable.
Results: Hydroacoustic Analysis.
In this section, as mentioned before, an effective integration surface is chosen among the surfaces illustrated in Figure 4 , and the results of the FW-H code are validated using a comparison between the FW-H and the direct solution by Navier-Stokes equations. Subsequently, the selected integration surface is used to calculate the acoustic noise in the far field at different angles of attack and distances.
Acoustic Validation and Selection of the Best Integration
Surface. To find the best integration surface, the analysis has been done for 5 different surfaces and compared with the direct solutions obtained by the Navier-Stokes equations. The sound pressure levels have been measured for 360 observers placed on a circle with = 0.18 m from the hydrofoil, while the angle of attack of NACA0012 is 10 degrees. The results are plotted in Figure 8 . The sound pressure level is determined by (10) , while the reference pressure for water is assumed to be 10 −6 pa: Figure 12 : Procedure for obtaining the full operational noise of the hydrofoils.
In Figure 8 , is the distance of the integration surface to the hydrofoil, and is the hydrofoil chord length. The polar graph shows that when the hydrodynamic results are steady, the best distance of the integration surface from the hydrofoil is zero, that is, the best integration surface is the surface of the foil itself. The root mean square of the errors in this distance compared with the Navier-Stokes solution is 4.3%. Getting far from the hydrofoil would bring about an increase in the error and would lead to a wrong behavior of the sound pressure level. The cause of this phenomenon can be attributed to the shape of the integration surface. When the surface is matched on the hydrofoil, the far field acoustic prediction has more accuracy. At this point, the best integration surface is recognized, and the main analyses can be done with more confidence.
Effects of Angle of Attack on Noise Quantity and Directivity.
Computed SPL related to NACA0012 and NACA0018 hydrofoils for seven angles of attack is plotted and compared in Figures 9 and 10 . It is observed that the radiated noise is generally increased nonuniformly by increasing the angle of attack in all directions. As observed in Figure 9 , the minimum increase range is approximately 4 dB for NACA0012 and commonly occurs in the area of 90 and 270 degrees. The minimum increase of SPL for NACA0018 is approximately 1 dB and occurs for the observers placed in the vicinity of 45 and 225 degrees. Meanwhile, the maximum increase in SPL is observed in the vicinity of 0 and 180 degrees for both cases. The overall SPL increase is ranged between 4 dB (at 90 and 270 deg) and approximately 25 dB (at 0 to 180 deg) for NACA0012 and between 1 dB (at 45 and 225 deg) and approximately 30 dB (at 0 to 180 deg) for NACA0018. On the other hand, the rotation of hydrofoil causes a counter-rotation of the directivity, relative to the angle of attack. In fact, the dramatic increase of SPL at 0 and 180 degrees is mostly caused by this rotation and the slight change of direction of the minimum SPL. It can be deduced that the real SPL increase at 0 and 180 deg is in the range of ∼10 dB for NACA0012 and ∼6 dB for NACA0018.
These observations lead to the fact that NACA0012 is more sensitive to the change of angle of attack. Also, the effect of angle of attack on the noise generation of the hydrofoil is mostly observed at the leading edge and trailing edge of the foil.
It is important to remember that generally, the angle of attack of a hydrofoil in operation is not constant and varies intentionally when it is used as an active lifting surface or unintentionally when it is operated as a passive part. Therefore, when deciding about the section of the hydrofoil, from the acoustic view, the noise generation of the hydrofoil should be considered in the operation range.
To define the operational noise of the hydrofoil, the operational maximum noise should be extracted from the directivity charts, by obtaining the envelope curve of all the noise data for each section. Also, the minimum operational noise can be extracted in the same way by plotting the envelope curve on the minimum of all noise data. By doing so, the operational noise of the hydrofoil can be defined as the region between the two curves. By implementing this procedure on both sections, the directivity chart of the operational noise of NACA0012 and NACA0018 hydrofoils is obtained and plotted in Figure 11 .
However, a hydrofoil's angle of attack is not generally limited to one side and can be rotated in the reverse direction (i.e., from 0 to −12 deg.); in which case, the noise directivity would be a mirror of Figure 11 relative to the 0 degree axis. To obtain the real operational noise of the hydrofoil, all states of the hydrofoil should be considered. The procedure for extraction of the complete operational noise of the hydrofoils is illustrated in Figure 12 .
As shown in Figure 12 , the new envelope curves define the operational noise region of the hydrofoils. By plotting the operational noise regions of both sections in one chart as in Figure 13 , the comparison of the hydrofoils will be possible.
It is obviously clear from Figure 13 , that from an acoustic perspective, the NACA0012 hydrofoil is a better choice for marine applications. As mentioned before, it is also important to know how the sound pressure level of the noise varies as the observer changes its distance from the source.
Here, by the use of the developed code ACOPY, the hydrofoil noise is calculated in 8 directions (as specified in Figure 5 ) and at distances ranging from 50 m to 2500 m from the hydrofoils. By plotting the results, it is observed that the SPL decreases as expected for all directions and for all angles of attack. The SPL data for each direction is plotted versus distance for the hydrofoil NACA0012 in Figure 14 and for hydrofoil NACA0018 in Figure 15 . The isolines in each plot are related to different angles of attack as indicated by the legends.
The general trend and overall behavior of the SPL variation versus distance is the same for all directions. The operational noise region may also be extracted from these charts. In doing so, the behavior of both sections in each direction can be compared and analyzed. The operational noise regions for both sections are plotted in different directions in Figure 16 .
It can be deduced from Figure 16 that the noise generated from NACA0012, as expected, is less than NACA0018 hydrofoil in all directions and at all distances.
Conclusion
In the design process of lifting surfaces for marine applications, acoustic noise emitted by the intended surface is one of the important parameters to be considered. The NACA foil Figure 15 : SPL (dB) of NACA0018 versus distance (m).
series are the commonly used sections in marine applications. Accordingly, in the present work, hydroacoustic fields of NACA0012 and NACA0018 have been calculated and the acoustic behavior of these sections have been analyzed and compared at different angles of attack. The Ansys-CFX Navier-stokes solver has been used to obtain the hydrodynamic pressure and velocity fields of the hydrofoils. The FW-H method has been explained and implemented for the acoustic analysis. Using the powerful multithreading ability of the Python programming language, an acoustic solver named ACOPY has been programmed and introduced. Both hydrodynamic and acoustic results have been validated with high accuracy.
A comparison between several integration surfaces has been conducted, and the best integration surface for implementing the FW-H method on hydrofoils has been introduced.
A complete investigation has been carried out on the behavior of the acoustic fields of the two mentioned hydrofoil sections. To compare the acoustic fields of these foil sections, the concept of operational noise regions has been defined, and by using this definition, the acoustic fields of the two sections have been compared, based on the operation of lifting surfaces in marine environments. The obtained results suggest that NACA0012 hydrofoil is a better choice, when the acoustic characteristics of the lifting surface are of concern. Figure 16 : Comparative operational noise regions in different directions.
